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The composition and significance of physodes, brown algal subcellulai bodies characterized by reactivity with
vanillin-hydrochloric acid, have been the subject of debate for the past Century. This research is critically reviewed,
and it is demonstrated that aJthough physodes aie primarily composed of phloroglucinol derivatives, they may
also contain other tannins and terpenes. The recent discoveries of homologous series of phloroglucinol polymers
in brown algal extracts provide an attractive chemical rationalization for the observed heterogeneity of physodes.
Introduction
Although the small light-refracting bodies now known äs
physodes were observed in brown algal cells by the early
phycologists Nägeli (1847) and Rosanoff (1868), it was
not until 1876 that experiments were conducted to deter-
mine their chemical nature, and they were not named
until 1892, The early research on the chemical compo-
sition of these bodies afforded only equivocal results
(Tab. l X and suggested that brown algal cells contain a
number of different sorts of particles. Electron micro-
scopy has confirmed this diversity (Tab. 2) but has not
provided further understanding of the physode itself.
In view of the inconsistencies evident throughout the
literature, data from light microscopy, electron micros-
copy,, and chemical investigations have been critically
examined in an attempt to clarify the nature of the brown
algal physode.
Chemical contents of physodes
l. Evidence for the presence offats
The reaction of physodes with osmic acid has been used
to indicate the presence offats in physodes (Reinke 1876;
Strasburger 1880, 1892;Bruns 1894;Henckel 1902;
LeTouze 1912), Examination of brown algal cells by
electron microscopy (Tab. 2) has made it apparent that
different subcellular particles possess different affinities
for this reagent Liddle and Neushul (1969) found that
after Separation of the subcellular components ofZonaria
farhwü by centrifugation, the oü bodies stained intensely
with osmic acid, while the physodes stained less darkly.
As it is well known that a variety of substances reacts
with osmic acid (Carleton 1926; Magne 197]; Chafe and
Durzan 1973), osmiophily alone cannot be used äs proof
of the presence offats in physodes.
The solubility of physodes in diethyl ether and in alco-
hols has been used by Hansen (1895), Henckel (1902),
and others to indicate the presence of fats, but this
approach is equally ambiguous. Colouration of brown
algal bodies with stains such äs "alcanne" (Henckei 1902)
and Sudan (Meyer 1904) has provided evidence for the
occurrence of lipid-containing bodies in brown algal
cells, but in these two cases it is not certain that physodes
were being coloured (Kylin 1912). Chadefaud (1936) re-
ported no reaction of physodes with Sudan, and later
(1949) found no colouration of physode-like bodies in
the diatom Licmophora lyngbiei with the lipid stain BZL.
2. Evidence for the presence ofproteins
Berthoid (1882) claimed that physodes were water-so-
luble and therefore proteinaceous, but he retracted this
view four years later. Crato (1893b pp, 191 — 193) sugge-
sted that the reactivity of physodes with Millon's reagent
and their "amoeboid movement" (later shown to be a
passive deformation) necessitated the presence of pro-
teins in physodes. Koch (1896) specuiated that indole
group (tryptophanyl moiety) of a proteinaceous compo-
nent of "fucosan" was responsible for the reaction of
physodes with vanillin-hydrochloric acid. The presence
ofproteins äs a major constituent of physodes has not
been suggested in the present Century.
3. Evidence for the presence of carbohydrates
Hansteen (1892, 1900) found chemical evidence for the
occurrence of a levorotary carbohydrate in hot-water
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Tab. 1. Investigations (1847-1904) of bodies now known äs physodes
Investigator Name of body and chemical
nature
Evidence (a) Comments
Nägeli (1847 pp. 182, 183, 186) "Schleimkörnchen"
"Öltröpfchen"
M
Rosanoff (1868)
Reinke(1876)
Strasburger(188Q, 1892)
Berthold (1882)
Schim per(1885)
Schmitz(1883 p. 155)
Berthold (1886)
Kuckuck (1891)
Hansteen (1892, 1900)
Crato (1892; 1893a,b; 1896)
Brun$(1894)
Golenkin (1894)
Hansen (1895)
Koch (l896)
Henckel{1902)
Hunger (l902)
Meyer (1904)
light-refracting
bodies
"doubtless" fat-bodies
fat-bodies
protein-bodies
ilfathke bodies11
unchaiacterized "droplets1
tannin-bodies
"small gleaming bodies'1
F,I,0,S
FJAS
A,C,IA
C,M
A,I,S
AJAS
C,I,M,S
"fucosan granules" containing A,G,I AS,V
(C6HioO5)n reducing substance
physodes containing phloro- A,B>F,L AS
glucinols and some protein
(1893b)
physodes containing fat B,I,L,O,S
(usually) and phloroglucinols
physodes
fatty bodies A,IAS
"small vesicles" (proteinaceous) F,L,S
fucosan granules (fatty) AAS
"Inhaltskörper" (some of which A,B>F,LAS
contain tannin-like phloroglu-
cinols).
"volutin granules" B,L
Padina (Zonaria) pavonia and Di&yota dicho
toma\ also saw "starch granules11.
referenced in Hansen
(1895),
Sphacelaria scoparia\ bodies may contain pro-
teins also; referenced in Hunger (1902).
may be "oleocorps" (Chadefaud 1956).
Dictyota dichotoma, apical cell of Sphacelaria
cirrhosa,
not phaeophyte-starch or fat-bodies.
not phaeophyte-starch or protein-bodies; refer-
enced in Hansteen (1892), Hunger (1902).
not pyrenoids, "which contain phaeophyte-
starch0.
related to "fucosol" of Stenhouse (1850a, b).
allegedly found in all algae, fungi; identical with
"microbodies" (proteins) in green algae and '
higher plants.
distinguished pyrenoids and fat-bodies.
different from "elaioplasts" (fat-bodies) of
Wakker(1888).
reducing compounds and aromatic materials
may be present elsewhere in brown algae; may
be "oleocoips" (Chadefaud 1956).
Fucus sp.
Chordaria flageiliformis-
Dictyota dichotoma; other "Inhaltskörper"
contain glycosidic polysaccharides, monosaccha^
rides, fats, and proteins*
supposedly same äs seen by Hansteen (1892,
1900); may be phloroglucinols (Kylin 1912).
(a) EVIDENCE REPORTED: A, reactions of physodes with streng acids and bases; B, methylene blue staining; C> carminic acid
staining; F, reaction with tron salts; G, methyl green staining; I, staining with iodine; L, reaction with
the Lindt reagent (vanilün-hydrochloric acid); M, light microscopy and refractory nature of physodes;
O, staining with osmic acid; S, solubility of physodes in organic solvents; V, staining with methyl violet.
extracts of brown algae, and claimed (primarily on the
similar reactivities of "fucosan granules" and this extract
with methyl green, methyl violet, iodine, and osmic
acid) that the physode material ("fucosan") was a carbo-
hydrate. Koch (1896) also found a levorotary com-
pound, presumably a polysaccharide, in his "fucosan"
preparations. Kylin (1938) and Fritsch (1945) have
stated that Hansteen was observing laminarin instead of
the physode Contents. Vesicles containing other brown
algal polysaccharides are described in Table 2.
4. Evidence for thepresence ofphloroglucinol-likepoly-
phenols
The Suggestion that physodes contain 1,3, 5-trihydroxy-
benzenoid compounds was first made by Crato (1892)
during a study of Chaetopteris pktmosa. His conclusion
was based largely on the behavior of physodes with
dozens of compounds known to react with phenols
(1893b pp. 183-189). Among the reagents tested were
vanillin-hydrochloric acid, piperonal-sulfuric acid, and
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Tab, 2. Selected subcellular bodies described in electron micrographs of the Phaeophyceae
Name or Contents Recognized or differentiated by Reference
Alginate vesicles OsO4: dense staining;
PAS: positive reaction;
TB: metachromatic red-purple colour
unaffected by TCA
McCully (1966); Evans and HoUigan (1972a);
Rawlence(1973)
Lamellar structures
Lipid- or oil-bodies
Lomasomes
Lysosomes
Modified mitochondria
Physodes
Plasmalemmasomes
Plastoglobuli
Pyrenoids
Vacuoles (type 1)
Vacuoles (type 2)
Crystal-containing bodies internal lattice spacings of 175 A.
Fucoidan vesicles
(two kinds)
Iridescent bodies
(: no staining;
PAS: no reaction;
TB: metachromatic pink colour
OsO4: stain; Millon's reagent: rose colour; cresyl
blue: violet staining; diazotized benzidine: colours
red
concentric rings of lamellae, 30 apart, in the
cytoplasm
OsO4: dense staining; centrifugation: low density
concentric rings (paramural bodies originating
from cytoplasmic membranes)
oxidase activities (lysosomes per $e have not äs
yet been defmitively identified in brown algal
cells)
OsO4: dark staining
see text
concentric rings (paramural bodies originating
from the plasmalemma)
between chloroplast lamellae; OsO4: dense stai-
ning; PAS: no reaction; TB: no reaction unless
treated with chlorous acid
OsO4: weak to moderate staining
small, irregulär shape; acid fuchsin: no reaction;
PAS: no reaction
large, spherical shape; acid fuchsin: no reaction;
PAS: no reaction
Bouck(1965)
McCully (1966); Rawlence (1973)
Berkaloff (1962); Feldmann and Guglielmi (1972);
Pellegrini(1974)
Bourne and Cole (1968); McCuJly (1968); Davies
etal. (1973)
Baker and Evans (1973); Liddle and Neushul i 1969)
Oliveira and Bisalputra (1973)
Bisalputra tffö/. (1971); Oüveira and Bisalputra
(1975)
Feldmann and Guglielmi (1972)
see text
Oliveira and Bisalputra (1973)
McCully (1968); Evans and Holligan (1972b);
Feldmann and Guglielmi (1972)
Bouck (1965); Chi (1971); Hori (1972)
McCully (1966)
McCully (l966)
ABBREV1ATIONS: PAS, periodic acid-Schiffs reagent; TB, toluidine blue; TCA, trichloroacetic acid.
aniline sulfate-potassium nitrite, all of which give cha-
racteristic colours with phloroglucinol or its derivatives.
Crato's results have been repeated and cited by numerous
researchers, including Kylin (1918), Mangenot (1921,
1922), Dangeard (1930), and Chadefaud (1936).
The most useful physode stain introduced by Crato was
vanillin in strong acid (the Lindt reagent: Lindt 1885,
1887). Although this reagent is often thought to be
specific for phloroglucinol, resorcinol, and their deriva-
tives (e# Ribereau-Gayon 1972), the characteristic red
colour is also produced by tannins (Lindt 1885), certain
terpenes (Attaway et al 1965), and if heated sufficiently,
glucose and galactose. This reagent stains physodes bright
red in the absence of external heating.
Extracts of brown algae have yielded compounds giving
colour reactions similar to those of phloroglucinol with
vanillin-hydrochloric acid or with diazotized benzidine
(Takahashi 1931; Jensen and Haug 1952; Ogino and Taki
1957;Ogino 1962). Ogino and Taki (1957) identified
phloroglucinol in hydrolysates ofSargassum ringgoldl·
anwn tannins by paper chromatography, and Craigie and
McLachlan (1964) found in exudates ofFucus vesiculo-
sus a vanillin-reactive fraction which upon alkaline hydro-
lysis yielded a compound which co-chromatographed with
authentic phloroglucinol More recently, Glombitza et al
(1973) have identified phloroglucinol in direct extracts
of seventeen species of brown algae by chromatography,
infrared and nuclear magnetic resonance spectrometry,
and mixed melting points.
Oligomers of phloroglucinol linked by ether bonds
(Glombitza and Rösener 1974; Glombitza and Sattler
1973) or by phenyl linkages (Ragan and Craigie 1975)
have also been found in brown algal extracts. Identifi-
cation of these compounds has been made on the basis
of mass spectrometry, nuclear magnetic resonance spec-
trometry, and chemical properties of the native com-
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pounds and of their methoxyl and acetyl derivatives.
High molecular weight polymers of phenyl-linked
phloroglucinoJ units have also been found (Ragan and
Craigie 1975).
5. Evidencefor the presence oftannins
As correctly pointed out by Crato(1893b p. 189), if
phloroglucinoi derivatives are present in brown algae,
all the traditional cytochemical stains for tannins will
necessarily be positive; it was on the basis of such tests
that Berthold (1886), Hunger (1902), and LeTouze
(1912) suggested that tannins were present in physodes.
The best evidence for the presence of tannins in phy-
sodes is due to Kylin (1912, 1913, 1918), who obtained
an algal extract reactive with osmic acid and with vanil-
lin-hydrochloric acid, which also precipitated a gelatine
solution, gave a precipitate with lead acetate, and was
astringent in taste. Kylin's work formed the basis for the
indentification of tannin-physodes by Czapek (1913),
Atkins (1914), Lundegardh (1924 p. 304), Doubt (1928),
and Mangenot (1930). Mangenot (1921, 1922) and Gnade-
faud (1927) introduced numerous vital stains for phy-
sodes; the results obtained with methylene blue, neu-
tral red. cresyl blue, dahlia violet, and nascent indophe-
nol blue are consistent with the presence of tannins in
physodes (Kylin 1938).
Extracts of brown algae have been shown to contain
tannin-like compounds (Molisch 1905;Noguchi 1943;
Suyehiro and Searashi 1948; Ogino 1962; Politis 1964),
but the evidence for the origin of these compounds in
the physodes is largely circumstantial.
6. Evidencefor the presence ofterpenes
Although several early workers had referred to the phy-
sode contents äs a "fatty oü", the first Suggestion that
it was an "essential oil", or terpene, was made by Ando
(1951). Ando claimed that this material was a vanülin-
reactive, methylene blue-nonreactive, C1SH260 sesqui-
terpene alcohol which could be distinguished from
tannins by its solubility in diethyl ether and in benzene
(Ando 1951; 1958a, b). Chadefaud (1956) suggested
that Ando's terpene-physodes were actuaüy fat-bodies
which might additionally contain a small amount of
terpene. Terpenes have recently been isolated from
brown algae (Katayama 1964; Hirschfeld et al 1973),
and many terpenes have been shown to colour from blue
to red with vanillin-hydrochloric acid (Attaway et al
1965).
7. Evidencefor the presence ofacidic substances
Crato (1896 p. 446) suggested that physodes transport
carboxylic acids from peripheral lamellae near the chloro-
plasts to the cell nucleus. While this idea was not widely
accepted, Mangenot (1922) and Chadefaud (1927) attri-
buted the metachromatic staining of physodes to their
acidity. This conclusion was also reached by Kylin (1938),
and was accepted by Evans and Holligan (1972b). Al-
though Craigie and McLachlan (1964) reported the pre-
sence of carboxyl groups in vanillin-reactive exudates
from Fucus vesiculosus examined by infrared spectro-
metiy, Ragan and Craigie (1975) found no carboxyl
groups in purified vanillin-reactive compounds from
F. vesiculosus.
8. Evidencefor the presence of nitrogenous compounds
Crato (1896 p. 446) believed that physodes transport
nitrogenous materials within the cell. Koch (1896)
demonstrated both nitrogen and sulfur in extracts from
Fucus. However, mass spectrometry, nuclear magnetic
resonance spectrometry, and elemental analysis of puri-
fied vanillin-reactive fractions from F. vesiculosus do not
support the concept that nitrogenous materials are invol-
ved in the vanillin-reactivity of physodes (Ragan and
Craigie 1975).
9. Evidencefor the presence ofglycosides
Although Hunger (1902) and Ando (1951) reported the
presence of glycosidic groups in "fucosan", most of the
literature reiterates the conclusion of Kylin (1913), who
was unable to obtain Molisch's test with, or osazone
derivatives of, a vanillin-reactive solution from brown
algae. The monosaccharides found by Craigie and
McLachlan (1964) after acid hydrolysis of brown algal
exudates may not have come from the vanillin-reactive
material. Ragan and Craigie (1975) were unable to ob-
tain simple carbohydrates from acid hydrolysates of
purified vanillin-reactive fractions from F. vesiculosus.
Gasses of physodes
The division of physodes into several distinct classes is
necessarily related to a definition of the physode. While
Crato (1893b) considered the subcellular bodies of
Laminaria and of other algae, fungi, and higher plants
to be physodes, Kylin (1938) narrowed the definition
of a physode to include only those subcellular bodies
of brown algae which give a red colouration with
vanillin-hydrochloric acid, darken upon treatment with
osmic acid (if they survive), and react with methylene
blue, cresyl blue, and neutral red. However» even phy-
sodes sensu stricto may show variability in the vanülin
reaction (Chadefaud 1927; Knight 1929), the osmic
acid reaction (LeTouze 1912; Kylin 1918), and the
other cytochemical staining reactions (Prät 1931;
Chadefaud 1936).
The traditional subdivision of physodes follows Chade-
faud (1932), who listed four types:
Type A: refractory physodes with "fucosan", found in
most brown algae and in unhealthy Laminaria',
Type B: less refractory physodes with "fucosan" (in
Laminaria);
Type C: slightly refractory physodes without "fucosan"
but colouring with cresyl blue (in Laminaria)',
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Type D: slightly refractory physodes without "fucosan",
not colouring with cresyl blue (in Laminaria
andDesmarestia). This type of physode was
not seen by Kylin (1938).
Ando (l 958 a, b) also described four sorts of physodes.
His "Type A" physode corresponds to Chadefaud's
"Type A" physode, although Ando suggested that they
probably contain some alginic acid in addition to "fu-
cosan". "Type AY", according to Ando, is a subgroup
of "Type A", and is identical with the mucilaginous
body described by Yendo (1909) in ündaria pinnatifida
var. distans. Ando's "Type B" held a tannin described
by Ando (1951), and "Type C" contained the above-
mentioned sesquiterpene alcohol. Chadefaud (1956)
suggested that Ando's "Type B" physodes were ac-
tually fat-bodies.
Electron microscopy has not clarified the Situation.
McCully (1966, 1968) and Rawlence (1973) have
described several classes of subcellular structures from
brown algae, most of which are not physodes sensu
stricto. It is probable that some of Rawlence's 'Type
B" bodies ("polyphenols or fats") are identical with
Chadefaud's "Type A" physodes, but McCully's three
subclasses of green-staining "polyphenoP' bodies
cannot be fitted easily into Chadefaud's classification
System. Feldmann and Guglielmi (1972) have moreover
described three kinds of physode-Iike bodies inDictyota
dichotoma which bear little ultrastructural resemblance
to the bodies described by McCully and by Rawlence.
The physodes Pl fromDictyota are phenolic-impregna-
ted membranous structures with numerous infoldings.
The P2 physodes are membranous bodies, possibly non-
phenolic, of irregulär osmiophily; and the third class of
structures appears to consist of sprial bodies produced
by mitochondria.
It appears from these investigations that there may be
no defmite and invariable classes of physodes. Of interest
in this regard is the notion of LeTouze (1912) and Kylin
(1918) that physodes undergo a progressive, perhaps
irreversible natural process known äs "chemical evolu-
tion" or "aging". This process is characterized by the
progressive loss (LeTouze) or increase (Kylin) of the
osmiophily of physodes, and by their decreasing solubility
in alcohol. The "aging" hypothesis had received little
attention in recent years until Ragan and Craigie (1975)
demonstrated the occurrence of a homologous group of
oligomeric phloroglucinols, and of phloroglucinol-
based polymers, in extracts ofFucus vesicufosus. The
ongoing polymerization — enzymatic or otherwise — of
phloroglucinol units may provide a chemical rationaliza-
tion for the "aging" of physodes.
Fine structure of physodes
Crato (1896 p. 442) noted that physodes were occasio-
nallv "internally differentiated", büt the early picture
of physodes being constructed of concentric layers
(Hansteen 1892) was strongly challenged and later with-
drawn (Hansteen 1900). Intraphysodal globules have
been reported by Chadefaud (1929). Internal structuring
of brown algal osmiophilic bodies which may be physo-
des has more recently been observed by Feldmann and
Guglielmi (1972), Oliveira and Bisalputra (1973),
Rawlence (1973), and Pellegrini (1974). The conclusion
of Crato (1892) that physodes are semi-liquid has been
generally accepted.
The nature of the physode surface remains to be establi-
shed. Crato (1896 p. 418), Kylin (1918), and Chadefaud
(1936) compared physodes with the membrane-delimi-
ted vacuoles of Klercker (1888) and Went (1888). The
electron micrographs of Bisalputra (1966) faü to show a
defmite physode membrane, and Bourne and Cole (1968)
concluded on electron microscopic evidence that this
point was "difficult to determine". Bisalputra et al
(1971), Rawlence (1973), and Pellegrini (1974) have
reported a single membrane bounding the physode, while
Evans and Holligan (1972b) suggested that the physode
membrane was not the usual unit membrane. Much of
this confusion arises from the uncertainty that indivi-
dual osmiophilic bodies are physodes, and from the
intense staining taken by many of these bodies.
Distribution of physodes and variations in physode
number
With a few specialized exceptions, physodes sensu
stricto are present in all brown algae (cf. Chadefaud
1950). Exceptions to this general rule have been noted
in the vegetative apex ofFucus (LeTouze 1912) and in
internal cells of brown algae (Berthoid 1882), but both
of these reports are open to question. No physodes were
reported in superficial cells and vesicular cells ofDes-
marestia dudresnayi (Chadefaud 1931), older hair-cells
ofMyrionema vulgäre (Chadefaud 1930a), upper por-
tions of the thallus of Lithosiphon pusillus (Kylin 1918),
and tissues near invading filaments of epiphytes (Balten
1923; Rawlence 1972).
Physodes may also be absent from sporangia of Laminaria
saccharina and Fucus platycarpus (Defer 1930), Ectocar-
pus stticulosus (Knight 1929), smdDictyota dichotoma
(Hunger 1902). Evans and Holligan (1972b) found no
physodes in antheridia or in healthy unreleased eggs of
D. dichotoma. Physodes disappear during zooidogenesis
\r\Elachistafucicola andPylaiella littoralis (Loiseaux '
1973). Chadefaud (1936 p. 231) noted that Fucus
spermatozoids are devoid of fucosan, although male
zoids ofEctocorpus siliculosus were reported to possess
more fucosan than the female zoids (Knight 1929).
Although physodes sensu stricto (Kylin 1938) have been
reported only from brown algae, physode-like bodies
have been observed in the xanthophycean algae Ophio-
cytium cochleore (Chadefaud 193Ob), Vaucheria sessilis
and V. geminata (Mangenot 1934), and Conferva bomby-
cina (= Tribonema bombycinum) (Dangeard 1916;
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Chadefaud 1930b, 1936), the chrysophycean alga
Monas sp. (Chadefaud 1932 a), the marine diatom Lic-
mophora lyngbiei'(Chadefaud 1949), the actinopod
amoebae Vampyrelfa closterü (Poisson and Mangenot
1933) zndActinosphaerium eichorni (Chadefaud 1936),
the chloromonad Gonyostomum semen (Chadefaud
1936), and euglenoids of the geneiaAnisonema and
Euglew (Chadefaud 1936 p. 241). Crato (1893b) con-
sidered physodes to be of general occurrence in blue-green
algae, diatoms, green algae, fungi, and higher plants äs
well äs in brown algae, but his conception of the physode
encompassed bodies which today would be known äs
microbodies.
Environmental parameters or conditions of culture may
affect the number of physodes. Brown algae retained
briefly in culture have been reported to undergo increa-
ses in physode number (Chadefaud 1931), while cultures
ofEctocarpus sp. and E. conf&voides (Indiana Univer-
sity strains 1433 and 1636) contain very few if any phy-
sodes (Ragan, unpublished data). Conditions of dark-
ness may cause physodes to decrease in number (Koch
1896), to disappear entirely (Hunger 1902), or to incre-
ase in number (Hansen 1895 pp. 271—272; Hansteen
1900;Knight 1929).
Diurnal variations in physode number and in "fucosan"
content have been reported by Pontillon (1926), who
found that at low tide, with the plants exposed to the air,
a great amount of fucosan was present in Fucus serratus,
mostly in physodes. At high tide, more soluble fucosan
was found than at low tide, but relatively little was found
in the physodes. Pontillon suggested that these variations
were caused by dessication rather than by changes in
intensity of the incident light. Seasonal variations in
physode number have been observed by Hunger (1902)
and Evans and Holligan (1972).
The distribution of physode sizes in several species of
brown algae, and within individual tissues ofAlaria
esculenta and of Laminaria hyperborea, has been de-
scribed by Baardseth (1958). He found a linear relation-
ship between the total physode volume (mean physode
volume multiplied by the number of physodes) and the
reducing power of samples of these algae, and moreover
showed by extrapolation that at zero reducing power
there remained a small amount of physode volume.
These results can be interpreted to indicate that very little
reducing substance (e.g. polyphenols) is present outside
the physodes and that physodes may contain a small
amount of nonreducing substances.
A positive correlation between high metabolic activity
and increased "fucosan" content has been noted by Crato
(1893b), Richard (1929), Evans and Holligan (1972b),
and others. Similarly, the younger, more actively
growing parts of the thallus of Fucus vesiculosus
are richer in "total phenols" than are other portions of
the plant (Ragan, unpublished data). These observations
suggest that the physode contents may be actively in-
volved in brown algal physiology, a Situation atypical
for "secondary metabolites".
Biogenesis of physodes
There has been no general agreement on the site of bioge-
nesis of physodes, and the resolution of ttiis question
must be closely related to a rationalization of the diffe-
rent classes of physode-like subcellular bodies of brown
algae.
The formation of physodes in the cytoplasm by seif-
replication (Crato 1892,1893b, 1896), or by conden-
sation on primordia or on "physogenic bodies" (Le-
Touze 1912; Chadefaud 1927,1956) has not been sup-
ported by electron microscopy. The possible biogenesis
of physodes in the endoplasmic reticulum (Vacuome' of
earlier workers) or in the vacuoles has received much
attention (Mangenot 1921,1922; Defer 1930; Kylin
1938; Baardseth 1958; Cole 1969; Feldmann and Gug-
lielmi 1972), and this proposed origin formed the basis
of Mangenot's attempt to rename physodes "vacuolar
phenolic precipitates". The iridescent bodies of Berka-
loff (1962), which are formed by the endoplasmic reti-
culum, are not identical with physodes, although Pelle-
grini (1974) has suggested that the former structures may
sometimes contain polyphenols.
Much has been made of Chadefaud's "mitochondrial
physode" (Chadefaud 1934). By this expression, how-
ever, he did not mean to imply that physodes were pro-
duced on or by the mitochondria, and he later (1956) re-
futed the development of the "mitochondrial origin of
physodes" attributed to him by Kylin (1938) and Fritsch
(1945), Feldmann and Guglielmi (1972) have observed
modified mitochondria with strongly osmiophilic mem-
branes, and have suggested that these may be the bodies
reported by Chadefaud.
The chloroplast has been suggested äs the site of physode
biogenesis by Schmitz (1883 p. 163), Hansteen (1892,
1900), Hansen (1895), Henckel (1902), Hunger (1902),
Kylin (1912, 1918), and Knight (1929), with the exact
site usually being identified äs the surface of the plastid.
Recently McCully (1968) and Davies et al (1973) have
revived these ideas. The first suggestions that physodes
originale within the chloroplast, perhaps äs plastoglobuli
which are subsequently extruded into the cytoplasm,
were made by Evans and Holligan (1972b), and for their
P2 class of physode by Feldmann and Guglielmi (1972).
The data on algal intrathylakoidal bodies presented by
Greenwood et al (1963), McCully (1968), and Magne
(1971) do not support this hypothesis, but there is far
too little known about these structures to rule out the
idea.
Finally, the endoplasmic reticulum adjacent to the chlo-
roplast has been cited äs a possible site of physode bioge-
nesis (Bouck 1965; Feldmann and Guglielmi 1972; Oli-
veira and Bisalputra 1973). Pellegrini (1974) has sugge-
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sted, on the basis of electron micrography of Cysroseira
stricta, that osmiophilic substances excreted by the
chloroplasts are captured and "degraded" by physodes
fonning in the chloroplast endoplasmic reticulum. These
excreted substances resembie large plastoglobuli, possibly
accounting for the observations of Evans and Holligan
(1972b) and Feldmann and Guglielmi (1972).
Physiological role of physodes
The earliest function attributed to physodes was that of
protection of the alga against excess Illumination (Ber-
thold 1882 pp. 689,699). Hansen (1895) objected to
this Statement because he feit the plant would benefit
from all available light, while Bruns (1894) and Golenkin
(l 894) thought the light-reflection to be due to irides-
cent bodies other than physodes. The work of Hunger
(1902), Chadefaud (1936), and Berkaloff (1962)
supports the conclusion of Bruns and Golenkin.
Crato (1892,1896) thought that physodes were active
in metabolite transport, in cellular respiration (1896
pp. 524-527), in the biosynthesis of the outer cell wall
(1896 pp. 463—468)» and in metaboiite storage.
Although the forme r three functions have received little
support from recent investigations, the physode-material
was thought to be a metabolic reserve by Reinke (1876),
Bruns (1894), Koch (1896), Hunger (1902), Fritsch
(1945), and probably by Hansen (1895) and Hansteen
(1892,1900). Wille (1897) and LeTouze (1912) have
compared fucosan to the starch of higher plants, although
LeTouze believed that older physodes contained a trans-
formation product of fucosan which was excreted äs a
waste material. Also arguing that fucosan is waste mate-
rial were Chadefaud (1932b, 1936), Kylin (1938), and
for the xanthophycean "physodes", Chadefaud (1930b,
1936). Excretion of physodes has been described by
Chadefaud (1932b) and Loiseaux (1973).
The possible participation by subcellular bodies in
brown algal mucilage formation was probably suspected
by Nägeli (1847), who referred "Schleimkömchen" in
Padina (= Zonaria) pavonia. Guignard (l 892) noted that
granules in mucilage cells stained in a manner similar to
the mucilage itself; Hansen (1895) and Crato (1896 pp.
467^468) may have noticed the same phenomenon.
Yendo (1909) observed in the "mucilage glands" of
Undaria pinnatiflda var. distans colourless, refractory,
semi-liquid globules which blackened upon drying. Al-
though Sauvegeau (1916) cautioned against implicating
fucosan in mucilage formation, the presence of "Yendo-
type" physodes has been recorded by Chafefaud (1932b)
andAndo(1958a).
Hunger (1902) was the first to suggest that the physodes
contained substances which could provide protection to
the alga against predators, äs he found that the sea hare
Aplysia would eat Dictyota dichotoma only after it had
been subjected to a fucosan-extracting procedure. Antial-
gal activity (McLachlan and Craigie 1964), toxicity to
roundworms (Suyehiro and Searashi 1948), and toxicity
to Baianus zndMytilus (Conover and Sieburth 1966)
have also been reported for brown algal extracts or exu-
dates presumably related to the physode material.
Discussion
It is well established that some brown algae contain
phloroglucinol derivatives, and the research of Baard-
seth (1958) suggests that most of these compounds are
contained in the physodes. It does not follow, however,
either that all physodes (sensu lato) contain phlorogluci-
nols, or that physodes contain only phloroglucinols. It
is even less justifiable to consider the physode contents
("fucosan") a single homogeneous compound identical
throughout all brown algae.
The term "fucosan" was coined with the impression that
this substance was a carbohydrate (Hansteen 1892). While
the data do not rule out the possible presence of carbo-
hydrates in physodes, it seems likely that the vanillin-
reactivity of physodes can be attributed to phlorogluci-
nol derivatives. Consequently the word "fucosan" should
be abandoned äs a description of physode contents (cf.
Ogino 1962), and "fucosan vesicles" äs a synonym for
"physodes".
It would be premature at this point to attempt a new
definition of the physode. Not all of the brown algal
phloroglucinols have been adequately characterized,
relatively few species of brown algae have been examined,
and the possible presence of other compounds in the
physodes has not been adequately investigated by
modern techniques. Moreover, physodes have not äs
yet been isolated and characterized by cell fractionation
methods. For these reasons, the criteria of Kylin (1938)
for physodes sensu stricto should be retained.
Summary
1. Brown algal physodes may be recognized by their
reactivity with vanillin-hydrochloric acid, methylene
blue, neutral red, cresyl blue, toluidine blue, and other
stains.
Osmiophily is a necessary but not a sufficient charac-
teristic of physodes.
2. Physodes probably contain phloroglucinol derivatives,
and may also contain other tannins and/or terpenes.
The presence of additional fats, carbohydrates, or
other substances cannot be definitively ruled out.
3. The recent discoveries of vanillin-reactive phlorogluci-
nol polymers in brown algal extracts suggest that the
"aging" physodes may be due to polymerization of
phloroglucinol units.
4. Different and variable classes of physodes exist» both
within the Phaeophyceae and within individual brown
algae.
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5. Physodes may originate in or near chloroplasts, al-
though this has not been adequately established,
6. The terms "fucosan vesicle" and "fucosan" should be
abandoned äs descriptions of the physode and its
contents, respectively.
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